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&RRUGLQDWLRQ RI 366V DQG 69& 'DPSLQJ &RQWUROOHU
WR ,PSURYH 3UREDELOLVWLF 6PDOO6LJQDO 6WDELOLW\ RI
3RZHU 6\VWHP :LWK :LQG )DUP ,QWHJUDWLRQ
; < %LDQ, Member, IEEE <DQ *HQJ .ZRN / /R <DQJ )X DQG 4 % =KRX
Abstract$ PRGL¿HG IUXLW À\ RSWLPL]DWLRQ DOJRULWKP 0)2$
FRPELQHG ZLWK D SUREDELOLVWLF DSSURDFK DUH SURSRVHG LQ WKLV
SDSHU WR FRRUGLQDWH DQG RSWLPL]H WKH SDUDPHWHUV RI SRZHU V\VWHP
VWDELOL]HUV 366V DQG VWDWLF 9$5 FRPSHQVDWRU 69& GDPSLQJ
FRQWUROOHU IRU LPSURYLQJ WKH SUREDELOLVWLF VPDOOVLJQDO VWDELOLW\
RI SRZHU V\VWHPV ZLWK ODUJHVFDOH ZLQG JHQHUDWLRQ WDNLQJ LQWR
FRQVLGHUDWLRQ WKH VWRFKDVWLF XQFHUWDLQW\ RI V\VWHP RSHUDWLQJ FRQ
GLWLRQV ,W LV JHQHUDOO\ DFFHSWHG WKDW WKHUH LV D WKUHDW WR WKH VWDELOLW\
RI SRZHU V\VWHP ZLWK SHQHWUDWLRQ RI ZLQG IDUP ,Q DGGLWLRQ WKH
VWRFKDVWLF ÀXFWXDWLRQV RI ZLQG JHQHUDWLRQ PDNH 366V WXQLQJ PRUH
GLI¿FXOW ,Q WKLV SDSHU 366V DQG 69& GDPSLQJ FRQWUROOHU DUH
HPSOR\HG IRU VXSSUHVVLQJ ORFDO DQG LQWHUDUHD ORZ IUHTXHQF\ RVFLO
ODWLRQ ,Q RUGHU WR HOLPLQDWH WKH DGYHUVH HIIHFW EHWZHHQ 366V DQG
69& GDPSLQJ FRQWUROOHU WKH 0)2$ EDVHG RQ WKH SUREDELOLVWLF
HLJHQYDOXH LV DSSOLHG WR FRRUGLQDWH DQG RSWLPL]H WKHLU SDUDPHWHUV
7KH HIIHFWLYHQHVV RI WKH SURSRVHG DSSURDFK LV YHUL¿HG RQ WZR WHVW
V\VWHPV
Index Terms0RGL¿HG IUXLW À\ RSWLPL]DWLRQ DOJRULWKP
0)2$ SRZHU V\VWHP VWDELOL]HU 366 SUREDELOLVWLF VPDOOVLJQDO
VWDELOLW\ VWDWLF 9$5 FRPSHQVDWRU 69&
, ,1752'8&7,21
, 1 UHFHQW \HDUV WKH LQVWDOODWLRQ RI UHQHZDEOH ZLQG HQHUJ\KDV H[SDQGHG UDSLGO\ 0DQ\ ODUJHVFDOH ZLQG IDUPV DUH
LQWHJUDWHG WR SRZHU JULGV WKURXJK N9 RU N9 WUDQV
PLVVLRQ OLQHV ZKLFK EULQJ JUHDW DQG GLUHFW LQÀXHQFH RQ WKH
VWDELOLW\ RI PDLQ SRZHU QHWZRUNV ,PSDFWV RI ODUJHVFDOH ZLQG
SRZHU SHQHWUDWLRQ RQ WKH SRZHU V\VWHP VWDELOLW\ KDYH UHFHLYHG
PXFK DWWHQWLRQ >@±>@ 7KH UDQGRP ÀXFWXDWLRQV RI ZLQG SRZHU
RXWSXW LQFUHDVH WKH XQFHUWDLQW\ RI V\VWHP SRZHU EDODQFH >@
ZKLFK ZLOO UHVXOW LQ DGYHUVH HIIHFWV RQ WKH V\VWHP G\QDPLF
0DQXVFULSW UHFHLYHG -DQXDU\   UHYLVHG -XQH   DFFHSWHG -XO\
  7KLV ZRUN ZDV VXSSRUWHG LQ SDUW E\ WKH 1DWLRQDO 1DWXUDO 6FLHQFH
)RXQGDWLRQ RI &KLQD XQGHU JUDQW  LQ SDUW E\ 6KDQJKDL 6FLHQFH
DQG 7HFKQRORJ\ ,QQRYDWLRQ 3URMHFW XQGHU JUDQW '= DQG LQ SDUW
E\ 6KDQJKDL (QJLQHHULQJ 5HVHDUFK &HQWHU RI *UHHQ (QHUJ\ *ULG&RQQHFWHG
7HFKQRORJ\ XQGHU JUDQW '= 3DSHU QR 73:56
&RUUHVSRQGLQJ DXWKRU <DQ *HQJ
; < %LDQ < *HQJ DQG < )X DUH ZLWK (OHFWULF 3RZHU &ROOHJH 6KDQJKDL
8QLYHUVLW\ RI (OHFWULF 3RZHU 6KDQJKDL &KLQD HPDLO NXOL]#FRP
JI[#FRP PIXGRQJ#FRP
. / /R LV ZLWK WKH 'HSDUWPHQW RI (OHFWURQLF 	 (OHFWULFDO (QJLQHHULQJ 8QL
YHUVLW\ RI 6WUDWKFO\GH *ODVJRZ 6FRWODQG 8. HPDLO NOR#VWUDWKDFXN
4 % =KRX LV ZLWK 6KDQJKDL /LJKWQLQJ 3URWHFWLRQ &HQWHU 6KDQJKDL &KLQD
HPDLO #TTFRP
&RORU YHUVLRQV RI RQH RU PRUH RI WKH ¿JXUHV LQ WKLV SDSHU DUH DYDLODEOH RQOLQH
DW KWWSLHHH[SORUHLHHHRUJ
'LJLWDO 2EMHFW ,GHQWL¿HU 73:56
VWDELOLW\ HVSHFLDOO\ WKH VPDOOVLJQDO VWDELOLW\ ,W LV LPSRUWDQW
WR DQDO\]H WKH SRZHU V\VWHP VPDOOVLJQDO VWDELOLW\ ZLWK SURED
ELOLVWLF PHWKRGV >@ >@ DQG FRQVLGHU WKH HIIHFWV RI XQFHUWDLQW\
RI ZLQG IDUP RXWSXW DQG VWRFKDVWLF FKDQJHV RI ORDGV 5HIHU
HQFHV >@ >@ DQG >@ UHSUHVHQW VRPH LQYHVWLJDWLRQV DORQJ WKDW
OLQH 7KHLU ZRUN YHUL¿HV WKH HIIHFWLYHQHVV RI WKH SUREDELOLVWLF
DSSURDFK DQG LOOXVWUDWHV WKDW WKH LQWHJUDWLRQ RI ODUJHVFDOH ZLQG
IDUPV FRXOG FDXVH WKH SRZHU V\VWHP SUREDELOLVWLF VPDOOVLJQDO
LQVWDELOLW\ WKDW FRXOG EH GLI¿FXOW WR RYHUFRPH +RZHYHU >@
>@ DQG >@ GR QRW SURSRVH HIIHFWLYH PHDVXUHV WR LPSURYH WKH
SUREDELOLVWLF VPDOOVLJQDO VWDELOLW\ HVSHFLDOO\ IRU GDPSLQJ WKH
LQWHUDUHD PRGH ZLWK ZLQG SRZHU YDULDWLRQV
$SSOLFDWLRQ RI SRZHU V\VWHP VWDELOL]HUV 366V LV QRUPDOO\
D ¿UVW PHDVXUH WR HQKDQFH WKH V\VWHP VPDOOVLJQDO VWDELOLW\
/DUJHVFDOH ZLQG IDUP LQWHJUDWLRQ FDQ LQGXFH D KLJKHU SURED
ELOLW\ RI V\VWHP LQVWDELOLW\ ZKHQ FRPSDUHG WR RQH ZLWKRXW ZLQG
JHQHUDWLRQ >@ >@ 8QFHUWDLQ ÀXFWXDWLRQV RI ZLQG JHQHUDWRU
RXWSXW DOVR PDNH 366V WXQLQJ PRUH GLI¿FXOW >@ ,Q VRPH FDVHV
ZKHQ WKH XVH RI 366V FDQQRW SURYLGH VXI¿FLHQW GDPSLQJ IRU
LQWHUDUHD SRZHU VZLQJ ±+] 69& GDPSLQJ FRQWUROOHU
LV DQ DOWHUQDWLYH HIIHFWLYH VROXWLRQ 7KH SULPDU\ DSSOLFDWLRQ
RI 69& LQ D SRZHU V\VWHP ZLWK LQWHJUDWLRQ RI ZLQG IDUP LV
WR PDLQWDLQ WKH EXVEDU YROWDJH DQG SURYLGH UHDFWLYH SRZHU
VXSSRUW >@ >@ :LWK D GDPSLQJ FRQWUROOHU LQVWDOOHG 69& FDQ
SURYLGH H[WUD GDPSLQJ >@ >@ 69& DQG 366V DUH DOO IDVW
DFWLQJ SRZHU FRQWUROOHU GHYLFHV 7KHUH LV D SRWHQWLDO SRVVLELOLW\
WKDW WKHVH GHYLFHV PD\ LQWHUDFW DGYHUVHO\ ZLWK HDFK RWKHU DQG
PD\ QRW SURGXFH WKH H[SHFWHG SHUIRUPDQFH 7R LPSURYH WKHLU
RYHUDOO FRPELQHG SHUIRUPDQFH LW LV QHFHVVDU\ WR FRRUGLQDWH
DQG RSWLPL]H WKH 366V DQG 69& GDPSLQJ FRQWUROOHU SDUDP
HWHUV $ IHZ UHVHDUFKHV DUH PDGH DORQJ WKDW OLQH >@±>@
+RZHYHU >@ DQG >@ DUH EDVHG RQ OLQHDUL]HG SRZHU V\VWHP
DURXQG FHUWDLQ VSHFL¿HG RSHUDWLQJ SRLQWV LH GHWHUPLQLVWLF
:LWK D OLQHDUL]HG PRGHO FRQWUROOHU VHWWLQJV ZKLFK DUH DEOH WR
VWDELOL]H WKH V\VWHP DURXQG FHUWDLQ VSHFL¿HG RSHUDWLQJ SRLQWV
PD\ QRW SHUIRUP VDWLVIDFWRULO\ DW RWKHU SRLQWV ,Q >@ WKH
SUREDELOLVWLF HLJHQYDOXH VHQVLWLYLW\ DQDO\VHV DUH FDUULHG RXW
IRU WKH GHVLJQ RI 366V DQG 69& GDPSLQJ FRQWUROOHU IRU SRZHU
V\VWHP VPDOOVLJQDO VWDELOLW\ HQKDQFHPHQW ZLWKRXW FRQVLGHULQJ
WKH VWRFKDVWLF ÀXFWXDWLRQV RI ZLQG SRZHU RXWSXW
,Q WKH GHVLJQ RI FRQWUROOHU SDUDPHWHUV RQH VLQJOH SDUDPHWHU
XVXDOO\ LQÀXHQFHV PRUH WKDQ RQH RVFLOODWLRQ PRGH 7KH JHQHWLF
DOJRULWKPV *$V >@ >@ DQG WKH SDUWLFOH VZDUP RSWLPL]DWLRQ
362 >@ KDYH EHHQ ZLGHO\ XVHG DV RSWLPL]DWLRQ WRROV +RZ
HYHU WKH *$ UHTXLUHV ORQJ FRPSXWDWLRQDO WLPH DQG DOVR VXIIHUV
   ,((( 3HUVRQDO XVH LV SHUPLWWHG EXW UHSXEOLFDWLRQUHGLVWULEXWLRQ UHTXLUHV ,((( SHUPLVVLRQ
6HH KWWSZZZLHHHRUJSXEOLFDWLRQVBVWDQGDUGVSXEOLFDWLRQVULJKWVLQGH[KWPO IRU PRUH LQIRUPDWLRQ
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IURP SUHPDWXUH FRQYHUJHQFH 7KH 362 PD\ HDVLO\ IDOO LQWR DQG
WKHQ EH WUDSSHG DW D ORFDO RSWLPDO SRLQW 7KH IUXLW À\ RSWLPL]D
WLRQ DOJRULWKP )2$ >@ >@ KDV D KLJK VHDUFKLQJ SUHFLVLRQ
,W LV VLPSOH DQG LW KDV RQO\ D IHZ SDUDPHWHUV WR EH VHW EXW WKH\
FDQ EH HDVLO\ DGMXVWHG ,W DOVR HQMR\V D KLJK JOREDO VHDUFK FD
SDFLW\ +RZHYHU WKH )2$ LV QRW VXLWDEOH IRU VROYLQJ SUREOHPV
ZKRVH LQGHSHQGHQW YDULDEOHV FDQ KDYH QHJDWLYH YDOXHV 7KXV D
PRGL¿HG IUXLW À\ RSWLPL]DWLRQ DOJRULWKP 0)2$ LV SURSRVHG
WR DYRLG WKH OLPLWDWLRQ WKDW YDULDEOHV RI WKH ¿WQHVV IXQFWLRQ DUH
UHVWULFWHG WR EH LQ WKH ]RQH RI 
,Q WKLV SDSHU D SUREDELOLVWLF PHWKRG EDVHG RQ QXPHULFDO DQDO
\VLV LV SURSRVHG WR DQDO\]H VWDWLVWLFDO DWWULEXWHV RI WKH VPDOO
VLJQDO VWDELOLW\ RI WKH SRZHU V\VWHP ZLWK JULGFRQQHFWHG ZLQG
SRZHU VRXUFH 7KH DQDO\VLV WDNHV LQWR FRQVLGHUDWLRQ PXOWLRS
HUDWLQJ FRQGLWLRQV LQFOXGLQJ WKH VWRFKDVWLF YDULDWLRQV RI ZLQG
IDUP RXWSXW WKH UDQGRP ÀXFWXDWLRQV RI V\QFKURQRXV JHQHUDWRU
RXWSXW ORDGV DQG QRGDO YROWDJHV YDULDWLRQV 3OXJLQ PRGHOLQJ
WHFKQRORJ\ 307 >@ LV DGRSWHG WR FRQVWUXFW WKH VWDWH PD
WUL[ RI WKH ZKROH V\VWHP 7KH 69& VXSSOHPHQWHG ZLWK GDPSLQJ
FRQWUROOHU DQG 366V RQ V\QFKURQRXV JHQHUDWRUV DUH DSSOLHG WR
LQFUHDVH WKH SUREDELOLW\ RI VWDELOLW\ )RU FRRUGLQDWLQJ DQG RS
WLPL]LQJ SDUDPHWHUV RI 366V DQG 69& GDPSLQJ FRQWUROOHU WKH
0)2$ >@±>@ LV GHYHORSHG DQG DSSOLHG
7KH PDLQ VWUXFWXUH RI WKLV SDSHU LV DV IROORZV 6HFWLRQ , LQ
WURGXFHV WKH UHVHDUFK PRWLYDWLRQ DQG REMHFWLYH RI WKLV SDSHU
,Q 6HFWLRQ ,, WKH PRGHOV RI 366 DQG 69& ZLWK GDPSLQJ FRQ
WUROOHU DUH SUHVHQWHG 7KH SUREDELOLVWLF HLJHQYDOXH H[SUHVVLRQ
DQG SUREDELOLW\ GLVWULEXWLRQ RI HLJHQYDOXHV DUH GLVFXVVHG LQ
6HFWLRQ ,,, 7KH SURSRVHG RSWLPL]DWLRQ DOJRULWKP FRPELQHG
ZLWK SUREDELOLVWLF PHWKRG WR VROYH WKH FRRUGLQDWLRQ SUREOHP
DPRQJ 366V DQG 69& GDPSLQJ FRQWUROOHU E\ 0)2$ DUH
IRUPXODWHG LQ 6HFWLRQ ,9 7KH QHJDWLYH DYHUDJH YDOXH RI WKH
H[WHQGHG H[SHFWDWLRQ RI WKH GDPSLQJ FRQVWDQW RI DOO RVFLOODWLRQ
PRGHV LV WDNHQ DV WKH REMHFWLYH IXQFWLRQ VXEMHFWHG WR PXOWLSOH
FRQVWUDLQWV 7R YDOLGDWH WKH HI¿FLHQF\ DQG IHDVLELOLW\ RI WKH
SURSRVHG PHWKRG WZR FDVH VWXGLHV DUH SUHVHQWHG 7KH ¿UVW
RQH LV EDVHG RQ D ¿YHPDFKLQH WZRDUHD SRZHU V\VWHP ZLWK
D JULGFRQQHFWHG ZLQG IDUP WR LOOXVWUDWH WKH GHVLJQ SULQFLSOH
RI WKH SURSRVHG DSSURDFK SUHVHQWHG LQ 6HFWLRQ 9 7KH VHFRQG
RQH LV D ODUJHU DQG PRUH FRPSOH[ SRZHU V\VWHP ZLWK HLJKW
PDFKLQHV WKUHH DUHDV DQG ZLWK D JULGFRQQHFWHG ZLQG IDUP WR
JLYH D PRUH VWUHQXRXV WHVW WR WKH SURSRVHG DSSURDFK LOOXVWUDWHG
LQ 6HFWLRQ 9, 6RPH FRQFOXVLRQV DUH GUDZQ LQ 6HFWLRQ 9,,
,, 366 $1' 69& '$03,1* &21752//(5
7KH 0)2$ FRPELQHG ZLWK WKH SUREDELOLVWLF PHWKRG SUR
SRVHG LQ WKLV SDSHU LV XVHG WR GHYLVH GDPSLQJ WHFKQLTXHV IRU
366V DQG 69& GDPSLQJ FRQWUROOHU WR LPSURYH WKH SUREDELOLVWLF
VPDOOVLJQDO VWDELOLW\ RI WKH SRZHU V\VWHP ZLWK ZLQG IDUP
LQWHJUDWLRQ 7KLV VHFWLRQ JLYHV WKH PHDQLQJ RI SDUDPHWHUV RI
WKH 366 DQG 69& GDPSLQJ FRQWUROOHU UHVSHFWLYHO\
A. PSS
7KH EDVLF IXQFWLRQ RI D 366 LV WR H[WHQG VWDELOLW\ OLPLWV E\
PRGXODWLQJ JHQHUDWRU H[FLWDWLRQ WR SURYLGH WKH GDPSLQJ WR WKH
RVFLOODWLRQV 7KH OLQHDUL]HG PRGXOH RI 366 LV VKRZQ LQ )LJ 
ZKHUH LV WKH 366 JDLQ UHSUHVHQWV WKH GLIIHUHQWLDO RS
HUDWRU DQG DUH WKH ZDVKRXW DQG WKH OHDGODJ WLPH
)LJ  0RGXOH RI WKH 366
)LJ  &RQWURO PRGHO RI WKH 69&
FRQVWDQWV UHVSHFWLYHO\ 7KH VLJQDO ZDVKRXW EORFN VHUYHV DV D
KLJKSDVV ¿OWHU 7KH JDLQ GHWHUPLQHV WKH GDPSLQJ LQWUR
GXFHG E\ WKH 366 DQG WKH OHDGODJ EORFN LV XVHG WR DFKLHYH WKH
GHVLUHG SKDVH FRPSHQVDWLRQ >@
B. Module of SVC With Damping Controller
7KH SULPDU\ DSSOLFDWLRQ RI 69& LV WR PDLQWDLQ WKH EXVEDU
YROWDJH DW D SUHGH¿QHG YDOXH $Q 69& HTXLSSHG ZLWK D YROWDJH
UHJXODWRU PD\ SURYLGH V\QFKURQL]LQJ WRUTXH EXW QHJOLJLEOH
GDPSLQJ WRUTXH >@ $ GDPSLQJ FRQWUROOHU LV QHFHVVDU\ ZKHQ
H[WUD GDPSLQJ LV QHHGHG
$ W\SLFDO 69& FRQ¿JXUDWLRQ FRQVLVWV RI D WK\ULVWRU FRQWUROOHG
LQGXFWRU DQG D ¿[HG FDSDFLWRU DQG LV QRUPDOO\ FRQQHFWHG WR D
EXVEDU WKURXJK D VWHSGRZQ WUDQVIRUPHU DV VKRZQ LQ >@ DQG
>@ $Q 69& WK\ULVWRU FRQWUROOHU EORFN LV VKRZQ LQ )LJ  ZKHUH
DQG DUH WKH PDJQLWXGHV RI YROWDJH DQG FXUUHQW
DW WKH 69& WHUPLQDO DQG LV WKH FRQWUROOHU RXWSXW ,Q DGGL
WLRQ D GDPSLQJ FRQWUROOHU LV VKRZQ LQ )LJ  ZKHUH LV
WKH 69& GDPSLQJ FRQWUROOHU JDLQ LV WKH ZDVKRXW WLPH FRQ
VWDQW DQG DUH WKH OHDGODJ WLPH FRQVWDQWV
,,, 352%$%,/,67,& (,*(19$/8( $1' ,76 ',675,%87,21
2QH RI WKH FRQWULEXWLRQV RI WKLV SDSHU LV WR FRQVLGHU D ZLGH
UDQJH RI SRZHU V\VWHP RSHUDWLQJ FRQGLWLRQV DQG WKLV LQIRUPD
WLRQ LV LQFRUSRUDWHG E\ PRGHOLQJ ORDGV RXWSXW RI ZLQG IDUP DQG
V\QFKURQRXV JHQHUDWRUV DV QRGDO LQMHFWLRQV ZKRVH H[SHFWDWLRQV
DQG YDULDQFHV DUH NQRZQ $OO QRGDO YROWDJHV QRGDO LQMHFWLRQV
DQG HLJHQYDOXHV DUH QRZ UHJDUGHG DV UDQGRP YDULDEOHV 7KH RE
MHFWLYH RI WKLV VHFWLRQ LV WR GHWHUPLQH WKH H[SHFWDWLRQ DQG SURE
DELOLVWLF GLVWULEXWLRQ RI WKH V\VWHP HLJHQYDOXHV
A. Probabilistic Eigenvalue Expression
$ SDUWLFXODU HLJHQYDOXH RI WKH FRHI¿FLHQW PDWUL[ RI WKH
OLQHDUL]HG V\VWHP
V G\QDPLF HTXDWLRQV RU VWDWH PDWUL[ >@
FDQ EH DQDO\WLFDOO\ H[SUHVVHG DV WKH QRQOLQHDU IXQFWLRQ RI QRGDO
YROWDJHV YHFWRU

ZKHUH QRGDO YROWDJHV DUH GH¿QHG LQ UHFWDQJXODU FRRUGLQDWHV
DQG WKH YROWDJH YHFWRU FRQWDLQV FRPSRQHQWV DV
LQ D SRZHU V\VWHP RI QRGHV
7KH H[SHFWDWLRQ RI HLJHQYDOXH LV H[SUHVVHG DV LQ 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
ZKHUH WKH H[SHFWDWLRQ RSHUDWRU LV H[SUHVVHG DV 
7KH GLUHFW XVH RI WKH IXQFWLRQ LQ  LV FRPSOLFDWHG DQ DOWHU
QDWLYH PHWKRG LV XVHG WR FDOFXODWH WKH H[SHFWDWLRQ RI 
(TXDWLRQ  FDQ EH H[SDQGHG LQ 7D\ORU VHULHV DW WKH YLFLQLW\
RI WKH H[SHFWHG YDOXH RI YROWDJH DQG WKH DSSUR[LPDWLRQ ZLWK WKH
VHFRQGRUGHU DQG KLJKHU RUGHU WHUPV QHJOHFWHG LV

ZKHUH

ZKHUH LV WKH UHDO SDUW RU LPDJLQDU\ SDUW RI QRGH YROWDJH
QXPHULFDO YDOXH RI HDFK HOHPHQW LQ  LV GHULYHG XVLQJ  >@

ZKHUH DQG GHQRWH WKH ULJKW DQG OHIW HLJHQYHFWRU FRUUH
VSRQGLQJ WR  UHVSHFWLYHO\ 7KH GHULYDWLYH RI WKH VWDWH PDWUL[
IRU WKH YROWDJH YHFWRU FDQ EH REWDLQHG XVLQJ WKH 307 >@
(DFK QXPHULFDO YDOXH FDOFXODWHG DFFRUGLQJ WR  LV LQVHUWHG LQWR
 WR FRPSXWH WKH H[SUHVVLRQ RI  LH WKH H[SHFWDWLRQ RI

B. Probabilistic Distribution of Eigenvalue
&RQVLGHULQJ WKH VWRFKDVWLF ZLQG SRZHU RXWSXW DQG ORDG WKH
V\VWHP HLJHQYDOXHV FDQ KDYH DQ DUELWUDU\ GLVWULEXWLRQ DQG FDQ
EH REWDLQHG WKURXJK WKH SUREDELOLW\ WKHRU\ DQDO\VLV RI D K\EULG
DOJRULWKP XVLQJ FHQWUDO PRPHQWV DQG FXPXODQWV FRPELQHG ZLWK
WKH *UDP&KDUOLHU VHULHV >@ 7KH KLJKHU WKH RUGHU RI FXPXODQW
LQ D *UDP&KDUOLHU VHULHV WKH ZHDNHU ZLOO EH LWV HIIHFW RQ WKH
HQWLUH GLVWULEXWLRQ 7R UHGXFH WKH DPRXQW RI FRPSXWDWLRQ RQO\
WKH ¿UVW ¿YH RUGHU FXPXODQWV DUH XVHG ZLWK DGHTXDWH FRPSXWLQJ
DFFXUDF\ >@ 7KH SUREDELOLW\ GHQVLW\ IXQFWLRQ 3') DQG FX
PXODWLYH GLVWULEXWLRQ IXQFWLRQ RI FDQ EH H[SUHVVHG LQ  DQG
 UHVSHFWLYHO\ >@


ZKHUH LV 3') RI WKH HLJHQYDOXH  LV 3') IRU WKH
VWDQGDUG QRUPDO GLVWULEXWLRQ     LV D -RUGHU
FXPXODQW >@ LV WKH VWDQGDUG GHYLDWLRQ RI WKH HLJHQYDOXH
LV WKH VWDQGDUGL]HG GHWHUPLQHG E\


,9 &225',1$7,21 $1' 237,0,=$7,21 $021* 3666
$1' 69& &21752//(5 %$6(' 21 0)2$
7KH FRRUGLQDWLRQ SUREOHP LV FRQFRFWHG LQWR DQ RSWLPL]DWLRQ
SUREOHP RI DQ HLJHQYDOXHEDVHG REMHFWLYH IXQFWLRQ 7KH H[SHF
WDWLRQ RI DQ HLJHQYDOXH LV

ZKHUH LV WKH H[SHFWDWLRQ RI WKH GDPSLQJ FRQVWDQW 
)RU RSWLPL]DWLRQ SXUSRVHV WKH H[WHQGHG H[SHFWDWLRQ RI WKH
GDPSLQJ FRQVWDQW LV LQWURGXFHG DQG LW FDQ EH UHSUHVHQWHG DV D
IXQFWLRQ RI SDUDPHWHUV RI 366V DQG 69& GDPSLQJ FRQWUROOHUV

ZKHUH UHSUHVHQWV WKH H[WHQGHG H[SHFWDWLRQ RI WKH GDPSLQJ
FRQVWDQW DQG UHSUHVHQW WKH WRWDO QXPEHU RI 366V DQG
69& GDPSLQJ FRQWUROOHUV UHVSHFWLYHO\ WKH PHDQLQJ RI WKH
SDUDPHWHUV    DQG DUH H[SODLQHG LQ
6HFWLRQ ,,$ DQG % UHVSHFWLYHO\
7KHQ WKH REMHFWLYH IXQFWLRQ RI WKH RSWLPL]DWLRQ SUREOHP LV
UHSUHVHQWHG DV

VXEMHFW WR
D
E
F
G
H
I
ZKHUH LV WKH WRWDO QXPEHU RI RVFLOODWLRQ PRGHV >@ LV
WKH H[SHFWDWLRQ RI GDPSLQJ UDWLR RI  )RU WKH ZDVKRXW VWDJH
DQG YLHZLQJ IURP WKH DQJOH RI WKH ZDVKRXW IXQFWLRQ WKH SUHFLVH
YDOXH RI WKH DVVRFLDWHG WLPH FRQVWDQW LV QRW FULWLFDO 7KH PDLQ
FRQVLGHUDWLRQ LV WKDW WKH YDOXH VKRXOG EH VXI¿FLHQWO\ VPDOO VR
WKDW LW KDV LQVLJQL¿FDQW HIIHFWV RQ WKH VWDELOL]LQJ VLJQDOV DW WKH
IUHTXHQFLHV RI LQWHUHVW )RU WKLV UHDVRQ LV FRQVLGHUHG WR EH
D NQRZQ SDUDPHWHU DQG IRU 366V DQG 69& GDPSLQJ
FRQWUROOHUV
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7KH0)2$ >@ >@ LV XVHG IRU FRRUGLQDWLQJ DQG RSWLPL]LQJ
SDUDPHWHUV RI 366V DQG 69& GDPSLQJ FRQWUROOHU ,W FDQ DYRLG
WKH SUREOHPV RI OLPLWDWLRQ WKDW YDULDEOHV RI WKH ¿WQHVV IXQFWLRQ
DUH LQ WKH ]RQH RI LQ )2$ >@ >@ ,W LV PXFK VLP
SOHU DQG PRUH UREXVW ZKHQ FRPSDUHG ZLWK RWKHU RSWLPL]DWLRQ
PHWKRGV HJ *$ 362 DQG DQW FRORQ\ RSWLPL]DWLRQ DOJRULWKP
,WV VWHSV DUH DV IROORZV
6WHS  )UXLW À\ VZDUP ORFDWLRQ UDQJH LV LQLWLDOL]HG UDQGRPO\
ZLWKLQ > @
D
E
F
ZKHUH LV WKH UDQGRP QXPEHUV EHWZHHQ  DQG

6WHS  6HW WKH UDQGRP GLUHFWLRQ DQG GLVWDQFH IRU WKH VHDUFK
RI IRRG XVLQJ RVSKUHVLV E\ DQ LQGLYLGXDO IUXLW À\ WKH
UDQGRP À\ GLUHFWLRQ DQG GLVWDQFH ]RQH RI LWHUDWLYH
IUXLW À\ IRRG VHDUFKLQJ LV >  @
D
E
F
6WHS  6LQFH WKH IRRG ORFDWLRQ LV QRW NQRZQ WKH GLVWDQFH
WR WKH RULJLQ LV DQ HVWLPDWH   WKHQ WKH VPHOO
FRQFHQWUDWLRQ MXGJPHQW YDOXH   LV FDOFXODWHG


ZKHUH

6WHS  6XEVWLWXWH LQ  LQWR VPHOO FRQFHQWUDWLRQ MXGJ
PHQW IXQFWLRQ RU FDOOHG ¿WQHVV IXQFWLRQ VR DV WR
¿QG WKH VPHOO FRQFHQWUDWLRQ   RI WKH LQGL
YLGXDO ORFDWLRQ RI WKH IUXLW À\

ZKHUH LV WKH REMHFWLYH IXQFWLRQ LV WKH
LQGHSHQGHQW YDULDEOH RI WKH REMHFWLYH IXQFWLRQ LH
WKH WK WXQHG SDUDPHWHU RI 366V DQG 69& GDPSLQJ
FRQWUROOHUV
6WHS  'HWHUPLQH WKH IUXLW À\ ZLWK WKH PD[LPDO VPHOO FRQ
FHQWUDWLRQ ¿QGLQJ WKH PD[LPDO YDOXH DPRQJ WKH
IUXLW À\ VZDUP

6WHS  .HHS WKH EHVW VPHOO FRQFHQWUDWLRQ YDOXH DQG 
FRRUGLQDWH DQG IURP WKLV PRPHQW RQZDUGV WKH IUXLW
À\ VZDUPZLOO XVH YLVLRQ WR À\ WRZDUGV WKDW ORFDWLRQ

D
)LJ  7ZRDUHD V\VWHP ZLWK ZLQG IDUP LQWHJUDWLRQ
E
F
6WHS  (QWHU LWHUDWLYH RSWLPL]DWLRQ WR UHSHDW WKH LPSOHPHQ
WDWLRQ RI VWHSV ± WKHQ HYDOXDWH ZKHWKHU WKH VPHOO
FRQFHQWUDWLRQ LV VXSHULRU WR WKH SUHYLRXV LWHUDWLYH
VPHOO FRQFHQWUDWLRQ LI VR LPSOHPHQW WKH VWHS 
$FFRUGLQJ WR WKH DERYH LWHUDWLYH VWHSV SDUDPHWHUV ZKLFK QHHG
WR VHW DUH WKH IUXLW À\ SRSXODWLRQ VL]H WKH LQLWLDO ORFDWLRQ WKH
UDQGRP À\ GLUHFWLRQ DQG GLVWDQFH ]RQH RI LWHUDWLYH IUXLW À\ IRRG
VHDUFKLQJ DQG WKH LWHUDWLYH QXPEHU
9 &$6( 678'< ,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7R LOOXVWUDWH WKH SULQFLSOH RI WKH SURSRVHG SUREDELOLVWLF
HLJHQYDOXH DQDO\VLV PHWKRG DQG WKH FRRUGLQDWLRQ DQG RSWLPL]D
WLRQ DSSURDFK D FDVH VWXG\ LV XQGHUWDNHQ RQ D ¿YHPDFKLQH
WZRDUHD V\VWHP 6LPXODWLRQ UHVXOWV RI WKH SHUIRUPDQFH RI
WKH WHVW V\VWHP DUH FRPSDUHG XQGHU IRXU GLIIHUHQW VFHQDULRV
LQFOXGLQJ LQ 6HFWLRQ 9% WKH WHVW V\VWHP ZLWK 366V RQO\ LQ
6HFWLRQ 9& WKH WHVW V\VWHP ZLWK 69& RQO\ LQ 6HFWLRQ 9' WKH
WHVW V\VWHP ZLWK XQFRRUGLQDWHG 366V DQG 69& GDPSLQJ FRQ
WUROOHU DQG LQ 6HFWLRQ 9( WKH WHVW V\VWHP ZLWK FRRUGLQDWHG
366V DQG 69& GDPSLQJ FRQWUROOHU
A. Test System
7KH ¿YHPDFKLQH WZRDUHD V\VWHP LQ )LJ  LV PRGL¿HG IURP
D W\SLFDO WZRDUHD V\VWHP RI >@ ZKLFK LV ZLGHO\ XVHG IRU
VWXGLHV RI SRZHU V\VWHP VPDOOVLJQDO VWDELOLW\ 7KLV V\VWHP
GHPRQVWUDWHV ERWK ORFDO DQG LQWHUDUHD RVFLOODWLRQ PRGHV 7KH
QHWZRUN DQG V\QFKURQRXV JHQHUDWRU GDWD FDQ EH REWDLQHG LQ
>@ $OO V\QFKURQRXV JHQHUDWRUV DUH UHSUHVHQWHG XVLQJ RUGHU
PRGHOV DQG DUH H[WHQGHG WR LQFOXGH H[FLWHU DQG 366 PRGHOV
* DQG * DUH HTXLSSHG ZLWK IDVW H[FLWHUV DQG * DQG * ZLWK
VORZ H[FLWHUV * UHSUHVHQWV D ZLQG IDUP ZLWK D FDSDFLW\ RI
 0: RU  '),*V ZLWK  0: HDFK 'HWDLOV RI WKH WHVW
V\VWHP DQG '),* PRGHO DQG SDUDPHWHUV DUH OLVWHG LQ >@ DQG
>@±>@ ,Q WKLV VWXG\ WKH FXPXODWLYH ORDG GXUDWLRQ FXUYHV
VKRZQ LQ )LJ  WKH QRGDO SRZHU RI V\QFKURQRXV JHQHUDWRUV
DQG WKH ZLQG IDUP RXWSXW VKRZQ LQ )LJ  DQG WKH EDODQFLQJ
PDFKLQH * YROWDJH DQG WKH ZLQG IDUP YROWDJH VKRZQ LQ
)LJ  DUH HPSOR\HG
B. Probabilistic Eigenvalue and Participation Factor Analysis
With PSSs Only
7KH SURSRVHG SUREDELOLVWLF PHWKRG LQ 6HFWLRQ ,,, LV DSSOLHG WR
WKH WHVW V\VWHP )LUVWO\ WKH DFFXUDF\ RI WKH SUREDELOLVWLF HLJHQ
YDOXH FDOFXODWLRQ LV HYDOXDWHG 5HVXOWV RI D VHOHFWHGPRGH 0RGH
 REWDLQHG E\ WKH SURSRVHG DSSURDFK DUH FRPSDUHG ZLWK WKDW
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)LJ  &XPXODWLYH SUREDELOLW\ RI WKH DFWLYH SRZHU RI ORDG  DQG ORDG 
)LJ  &XPXODWLYH SUREDELOLW\ RI WKH DFWLYH SRZHU RI V\QFKURQRXV JHQHUDWRUV
DQG ZLQG IDUP
)LJ  &XPXODWLYH SUREDELOLW\ RI WKH YROWDJH RI ZLQG IDUP DQG *
FRPSXWHG E\ 0RQWH &DUOR VLPXODWLRQV  WLPHV DV VKRZQ
LQ )LJ  7KH FRPSDULVRQ LQGLFDWHV WKDW WKH SURSRVHG SURED
ELOLVWLF PHWKRG LQ KDQGOLQJ WKH VWRFKDVWLF XQFHUWDLQW\ RI V\VWHP
RSHUDWLQJ FRQGLWLRQV FDQ DFKLHYH VXI¿FLHQW DFFXUDF\ WR DSSUR[
LPDWH WKH SUREDELOLVWLF GHQVLW\ FXUYH WKDW LV VXSSRUWHG E\ WKH
UHVXOW RI WKH 0RQWH &DUOR VLPXODWLRQV
)RU WKH V\VWHP ZLWK ZLQG IDUP FRQQHFWHG E\ DQDO\]LQJ WKH
SDUWLFLSDWLRQ IDFWRU DQG PRGH VKDSHV DV VKRZQ LQ 7DEOH , DQG
)LJ  5HDO SDUW 3') RI 0RGH  REWDLQHG E\ WKH 0RQWH &DUOR PHWKRG DQG WKH
SUREDELOLVWLF PHWKRG
)LJ  0RGH VKDSHV RI URWRU DQJOH PRGHV
)LJ  0RGH  DQG 0RGH  EHORQJ WR ORFDO RVFLOODWLRQ 0RGH
 LV LQWHUDUHD RVFLOODWLRQ $OWKRXJK WKH IUHTXHQF\ RI 0RGH  LV
ZLWKLQ WKH UDQJH RI LQWHUDUHD RVFLOODWLRQ a +] 0RGH 
LV FDXVHG PDLQO\ E\ WKH ZLQG IDUP *
:LWK 366V LQVWDOOHG LQ IRXU V\QFKURQRXV JHQHUDWRUV DQG WKHLU
LQLWLDO SDUDPHWHUV 7DEOH ,, WKH SUREDELOLVWLF HLJHQYDOXHV DUH
REWDLQHG 7KH 366V
 JDLQV DUH GHWHUPLQHG E\ XVLQJ WKH SURE
DELOLVWLF VHQVLWLYLW\ LQGH[ 36, FRUUHVSRQGLQJ WR WKH UHVLGXH
LQGH[ >@ DQG WKH LQLWLDO WLPH VHWWLQJV DUH HVWLPDWHG DFFRUGLQJ
WR WKH SKDVH VKLIW RI WKH H[FLWDWLRQ LQ WKH V\VWHP 7DEOH ,,, JLYHV
LQIRUPDWLRQ DERXW WKH SUREDELOLVWLF GLVWULEXWLRQ RI WKHVH IRXU
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PRGHV ,W VKRZV WKDW WKH VWDELOLW\ SUREOHP LV OLNHO\ WR RFFXU EH
FDXVH WKHVH IRXU PRGHV KDYH ORZ SUREDELOLW\ WR UHPDLQ LQ WKH
OHIW KDOISODQH DQG DUH SRRUO\ GDPSHG
7KH 0)2$ GHVFULEHG LQ 6HFWLRQ ,9 LV LPSOHPHQWHG 7KH
QXPEHU RI VZDUP XVHG LQ WKH 0)2$ LV VHW WR  WKH QXPEHU
RI IUXLW ÀLHV LQ HDFK VZDUP LV VHW WR  WKH WDUJHW YDOXH LV 
DQG WKH QXPEHU RI LWHUDWLRQ LV VHW WR  7KHQ WKH SDUDPHWHUV RI
366V FDQ EH WXQHG VR GRHV WKH URRW PHDQ VTXDUH HUURU 506(
EHWZHHQ WKH QHWZRUN RXWSXW YDOXH DQG WKH WDUJHW YDOXH LV UH
GXFHG
$IWHU  WLPHV RI LWHUDWLYH HYROXWLRQ FRQYHUJHQFH LV RE
WDLQHG LQ WKH WK JHQHUDWLRQ DQG WKH FRUUHVSRQGLQJ 506( LV
 7KH YDOXHV RI RSWLPL]HG SDUDPHWHUV RI 366V DUH VKRZQ
LQ 7DEOH ,,
7KH FRUUHVSRQGLQJ VWDELOLW\ SUREDELOLW\ VWDWLVWLFV RI FULWLFDO
RVFLOODWLRQ PRGHV KDYH LQFUHDVHG VLJQL¿FDQWO\ DV VKRZQ LQ
7DEOH ,,, )URP WKH WDEOH LW LV FOHDU WKDW WKH RSWLPL]HG 366V
LPSURYH WKH GDPSLQJ SHUIRUPDQFH RI 0RGH   DQG  7KH
VWDELOLW\ SUREDELOLW\ RI WKH LQWHUDUHD 0RGH  LV WKH ORZHVW
7$%/( ,9
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ZLWK D SUREDELOLW\ RI  WR UHPDLQ LQ WKH OHIW
KDOISODQH 7KH H[SHFWDWLRQ RI LWV GDPSLQJ UDWLR LV  DQG
WKH SUREDELOLW\ RI LW PRUH WKDQ  LV  7KHVH PDNH WKH
366V WXQLQJ GLI¿FXOW DQG WKH XVH RI 69& GDPSLQJ FRQWUROOHU
LV FRQVLGHUHG
C. Probabilistic Small-Signal Stability Analysis With SVC
Damping Controller Only
7R LPSURYH WKH LQWHUDUHD PRGH RQH 69& LV LQVWDOOHG *HQHU
DOO\ WKH WLHOLQH HOHFWULFDO PLGSRLQW LV WKH ORZHVW SRLQW RI V\VWHP
YROWDJH >@ DQG WKH SODFLQJ RI WKH 69& QHDU RU LQ WKH WLHOLQH
LV EHQH¿FLDO WR LPSURYH WKH YROWDJH 7KHUHIRUH WKH 69& ZLWK
D GDPSLQJ FRQWUROOHU LV LQVWDOOHG DW %XV  ZKLFK QRW RQO\ FDQ
FRQWULEXWH YROWDJH VWDELOLW\ EXW LW FDQ DOVR LPSURYH VPDOOVLJQDO
VWDELOLW\
7KH &XUUHQW DPSOLWXGH LQ WKH WUDQVPLVVLRQ OLQH EHWZHHQ %XV
 DQG %XV  LV HPSOR\HG DV WKH LQSXW VLJQDO >@ >@ WR
WKH GDPSLQJ FRQWUROOHU 9DOXHV RI SDUDPHWHUV XVHG LQ WKH JHQ
HUDO FRQWURO ORRS RI WKH 69& DUH VHW DV  
    
   
 DQG  7KH ,QLWLDO JDLQ RI WKH
69& GDPSLQJ FRQWUROOHU LV FKRVHQ DV ZKLFK
LV GHWHUPLQHG E\ WKH 36, FRUUHVSRQGLQJ WR WKH UHVLGXH LQGH[
>@ DQG WKH LQLWLDO WLPH VHWWLQJV DUH FKRVHQ DV 
  DQG DFFRUGLQJ WR WKH
SKDVHFRPSHQVDWLRQ PHWKRG >@ 7KH VWDWLVWLFDO UHVXOWV RI FULW
LFDO RVFLOODWLRQ PRGHV DUH VKRZQ LQ 7DEOH ,9 7KHQ WKH 0)2$
LV LPSOHPHQWHG WR RSWLPL]H WKH SDUDPHWHUV RI WKH 69& GDPSLQJ
FRQWUROOHU 7KH QXPEHU RI VZDUP XVHG LQ WKH 0)2$ LV 
$IWHU  WLPHV RI LWHUDWLYH HYROXWLRQ FRQYHUJHQFH LV RE
WDLQHG LQ WKH WK JHQHUDWLRQ DQG WKH FRUUHVSRQGLQJ 506( LV
 7KH RSWLPL]HG SDUDPHWHUV RI WKH 69& GDPSLQJ FRQ
WUROOHU DUH OLVWHG LQ WKH IROORZLQJ
D
E
7KH FRUUHVSRQGLQJ VWDELOLW\ SUREDELOLW\ VWDWLVWLFV RI FULWLFDO
RVFLOODWLRQ PRGHV DUH SUHVHQWHG LQ 7DEOH ,9 ,W LV REYLRXV WKDW
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WKH RSWLPL]HG 69& GDPSLQJ FRQWUROOHU HIIHFWLYHO\ LPSURYHV WKH
LQWHUDUHD PRGH 0RGH 
D. Probabilistic Small-Signal Stability Analysis With
Uncoordinated PSSs and SVC Damping Controller
7R LPSURYH WKH ORFDO PRGHV DQG LQWHUDUHD PRGH IRXU 366V
DQG RQH 69& DUH LQVWDOOHG WR LPSURYH WKH SUREDELOLVWLF VWDELOLW\
RI WKH WHVW V\VWHP 7KH SDUDPHWHUV RI 366V DUH WKH VDPH DV
WKH RSWLPL]HG SDUDPHWHUV LQ 7DEOH ,, RI 6HFWLRQ 9% 7KH
SDUDPHWHUV RI WKH 69& FRQWUROOHU DUH WKH VDPH DV WKH RSWLPL]HG
SDUDPHWHUV LQ  LQ 6HFWLRQ 9& %XW WKH SDUDPHWHUV RI 366V
DQG WKH 69& GDPSLQJ FRQWUROOHU DUH QRW \HW FRRUGLQDWHG 7KH
FRUUHVSRQGLQJ VWDWLVWLFDO UHVXOWV RI FULWLFDO RVFLOODWLRQ PRGHV
DUH VKRZQ LQ 7DEOH 9 &RPSDULQJ 7DEOH 9 ZLWK 7DEOH ,9
WKH GDPSLQJ UDWLR H[SHFWDWLRQ RI WKH LQWHUDUHD PRGH 0RGH
 GHFUHDVHV WR  IURP  WKH VWDELOLW\ SUREDELOLW\
GHFUHDVHV WR  IURP  )XUWKHUPRUH WKHUH LV D QHZ
RVFLOODWLRQ PRGH 0RGH  DQG WKH H[SHFWDWLRQ RI LWV GDPSLQJ
UDWLR LV  $OO WKHVH QRQLGHDO RVFLOODWLRQ PRGHV DERYH
DUH FDXVHG E\ WKH XQFRRUGLQDWHG GHVLJQ RI 366V DQG 69&
GDPSLQJ FRQWUROOHU
E. Probabilistic Small-Signal Stability Improvement With
Coordinated PSSs and SVC Damping Controller
)URP WKH DQDO\VLV RI WKH WKUHH DIRUHPHQWLRQHG VFHQDULRV
FRRUGLQDWLRQ DPRQJ 366V DQG 69& GDPSLQJ FRQWUROOHU LV
GHVLUDEOH WR LPSURYH WKH RYHUDOO V\VWHP GDPSLQJ 7KHUHIRUH
WKH 0)2$ LV LPSOHPHQWHG 7KH QXPEHU RI VZDUP XVHG LV 
)LJ  JLYHV WKH FRQYHUJHQW FKDUDFWHULVWLFV RI WKH 0)2$
,W FDQ EH VHHQ IURP WKH FXUYH WKDW FRQYHUJHQW LV REWDLQHG LQ
WKH UG JHQHUDWLRQ DQG WKH FRUUHVSRQGLQJ 506( LV 
7KH ¿QDO YDOXHV RI RSWLPL]HG SDUDPHWHUV RI 366V DUH VKRZQ LQ
7DEOH 9, DQG WKH SDUDPHWHUV RI WKH 69& GDPSLQJ FRQWUROOHU DUH
OLVWHG LQ WKH IROORZLQJ
D
E
8VLQJ WKH FRRUGLQDWHG 366V DQG 69& GDPSLQJ FRQWUROOHU
0RGH  KDV PDQDJHG WR DFKLHYH DGHTXDWH VWDELOLW\ 7KH FRU
UHVSRQGLQJ VWDELOLW\ SUREDELOLW\ VWDWLVWLFV RI FULWLFDO RVFLOODWLRQ
PRGHV KDYH LQFUHDVHG VLJQL¿FDQWO\ DV VKRZQ LQ 7DEOH 9,, $
FRPSDULVRQ RI GHWDLOHG UHVXOWV LV VKRZQ LQ 7DEOH 9,,, ,W FDQ EH
7$%/( 9,
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)LJ  ,WHUDWLYH 506( WUHQG RI WKH PRGHO VHDUFK RI RSWLPL]DWLRQ SDUDPHWHUV
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REVHUYHG WKDW WKH H[SHFWDWLRQ RI GDPSLQJ UDWLR DQG WKH SURED
ELOLW\ RI DOO RVFLOODWLRQPRGHV KDYH LPSURYHG JUHDWO\ 7KH SURED
ELOLVWLF VWDELOLW\ RI 0RGH  RI LQWHUDUHD RVFLOODWLRQ UHDFKHV 
DQG LWV H[SHFWDWLRQ RI GDPSLQJ UDWLR LV LQFUHDVHG WR  DQG WKH
SUREDELOLW\ RI LW JUHDWHU WKDQ  UHDFKHV 
7KH 3') RI WKH UHDO SDUWV RI WKH LQWHUDUHD RVFLOODWLRQ 0RGH 
XQGHU WKH IRXU VFHQDULRV DUH VKRZQ LQ )LJ  $OO WKH HLJHQ
YDOXHV SORWWHG LQ WKH FRPSOH[ SODQH XQGHU WKH GLIIHUHQW VFH
QDULRV DUH VKRZQ LQ )LJ  )URP )LJ  LW LV REVHUYHG WKDW
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
 ,((( 75$16$&7,216 21 32:(5 6<67(06
)LJ  5HDO SDUW 3') RI WKH 0RGH 
)LJ  6FDWWHU GLDJUDP RI FRQFHUQHG HLJHQYDOXHV FRPSDULVRQ RI WKH ¿YHPD
FKLQH WZRDUHD V\VWHP
WKH 3') FXUYH RI 0RGH  PRYHV WRZDUG WKH OHIW RI WKH LPDJL
QDU\ D[LV ZLWK WKH DGGLWLRQ RI 69& DQG LW PRYHV HYHQ IXUWKHU
DIWHU WKH 366V DQG WKH 69& GDPSLQJ FRQWUROOHU DUH FRRUGLQDWHG
7KH QHJDWLYH SUREDELOLW\ GHQVLW\ YDOXH LV FDXVHG EHFDXVH RQO\
WKH ¿UVW ¿YH RUGHU FXPXODQWV >@ DUH XVHG WR VLPSOLI\ WKH FDO
FXODWLRQ EXW LJQRULQJ KLJKHU RUGHU FXPXODQWV 7KLV H[SODLQV WKH
DSSHDUDQFH RI WUXQFDWLRQ HUURU )URP )LJ  LW LV REVHUYHG WKDW
WKH SUREDELOLVWLF HLJHQYDOXHV ZLWK FRRUGLQDWHG 366V DQG 69&
GDPSLQJ FRQWUROOHU PRYH IXUWKHU DZD\ IURP WKH LPDJLQDU\ D[LV
WR WKH OHIW WKDQ WKH RWKHU WKUHH VFHQDULRV $V D UHVXOW WKH RYHUDOO
SUREDELOLVWLF VPDOOVLJQDO VWDELOLW\ LV PXFK LPSURYHG ZLWK FRRU
GLQDWHG 366V DQG 69& GDPSLQJ FRQWUROOHU IRU WKH V\VWHP ZLWK
D ZLQG IDUP FRQQHFWHG
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7R LQYHVWLJDWH WKH DSSOLFDELOLW\ DQG VFDODELOLW\ RI WKH SUR
SRVHG PHWKRG LQ FRRUGLQDWLQJ GDPSLQJ FRQWUROOHUV D FDVH VWXG\
LV XQGHUWDNHQ DQG LV EDVHG RQ WKH HLJKWPDFKLQH WKUHHDUHD
V\VWHP VKRZQ LQ )LJ  7KH WKUHH DUHDV DUH GHYLVHG IRU FODULW\
* LV WKH HTXLYDOHQW UHSUHVHQWDWLRQ RI $UHD  * ± * EHORQJ
WR $UHD  DQG * ± * EHORQJ WR $UHD  7KH V\VWHP LV PRGL¿HG
IURP WKH EXV WHVW V\VWHP LQ WKH ³3RZHU V\VWHP DQDO\VLV
VRIWZDUH SDFNDJH 36$63´ >@ >@ 2QH RI WKH EUDQFKHV
)LJ  7KUHHDUHD V\VWHP ZLWK ZLQG IDUP LQWHJUDWLRQ
EHWZHHQ %XV  DQG %XV  LV UHPRYHG 7KH JHQHUDWRU * LV
VXEVWLWXWHG E\ D ZLQG IDUP * ZLWK D FDSDFLW\ RI  0: RU
 '),*V ZLWK  0: HDFK 'HWDLOV RI QHWZRUN SDUDPHWHUV
QRGDO SRZHUV DQG FRQWURO V\VWHP SDUDPHWHUV FDQ EH UHIHUUHG
WR >@ DQG WKH PRGHOLQJ RI WKH JHQHUDWRU H[FLWDWLRQ V\VWHP
LV SURYLGHG LQ >@ 1RUPDO RSHUDWLRQ YDOXHV RI QRGDO SRZHUV
DQG 39 EXV YROWDJHV DUH UHJDUGHG DV WKHLU H[SHFWDWLRQV $OO
QRGDO SRZHUV DQG 39 EXV YROWDJHV DUH DVVLJQHG E\ FXPXODWLYH
SUREDELOLW\ FXUYHV REWDLQHG IURP VWDQGDUGL]HG GDLO\ RSHUDWLQJ
FXUYHV >@
A. Probabilistic Small-Signal Stability Analysis With PSSs
Only
7R LPSURYH WKH SUREDELOLVWLF VPDOOVLJQDO VWDELOLW\ RI WKH WHVW
V\VWHP HDFK V\QFKURQRXV JHQHUDWRU LV HTXLSSHG ZLWK D 366
7KH ,QLWLDO JDLQV GHWHUPLQHG E\ WKH 36, FRUUHVSRQGLQJ WR WKH
UHVLGXH LQGH[ >@ DQG WKH LQLWLDO WLPH VHWWLQJV HVWLPDWHG DF
FRUGLQJ WR WKH SKDVH VKLIW RI WKH H[FLWDWLRQ LQ WKH V\VWHP DUH
VKRZQ LQ 7DEOH ,; 7KH VWDWLVWLFDO UHVXOWV RI FULWLFDO RVFLOODWLRQ
PRGHV DUH VKRZQ LQ 7DEOH ; $FFRUGLQJ WR SDUWLFLSDWLRQ IDFWRU
DQDO\VLV 0RGH    DQG  DUH ORFDO RVFLOODWLRQ PRGHV 0RGH
 LV FDXVHG PDLQO\ E\ WKH ZLQG IDUP * DQG 0RGH  DQG  DUH
LQWHUDUHD RVFLOODWLRQ PRGHV 7KHQ WKH 0)2$ LV LPSOHPHQWHG
WR RSWLPL]H WKH SDUDPHWHUV RI 366V 7KH QXPEHU RI VZDUP XVHG
LV 
$IWHU  WLPHV RI LWHUDWLYH HYROXWLRQ FRQYHUJHQFH LV RE
WDLQHG LQ WKH WK JHQHUDWLRQ DQG WKH FRUUHVSRQGLQJ 506(
LV  7KH RSWLPL]HG SDUDPHWHUV RI 366V DUH VKRZQ LQ
7DEOH ,;
7KH FRUUHVSRQGLQJ VWDELOLW\ SUREDELOLW\ VWDWLVWLFV RI FULWLFDO
RVFLOODWLRQ PRGHV DUH SUHVHQWHG LQ 7DEOH ; ,W LV FOHDU IURP WKH
WDEOH WKDW WKH RSWLPL]HG 366V LPSURYH WKH ORFDO PRGHV
B. Probabilistic Small-Signal Stability Analysis With SVC
Damping Controllers Only
7KH VKDSH RI HDFK LQWHUDUHD RVFLOODWLRQ PRGH LV LQYHVWLJDWHG
E\ FRPSXWLQJ WKH SDUWLFLSDWLRQ IDFWRUV RI GLIIHUHQW URWRU VSHHGV
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WR HDFK PRGH )URP )LJ  0RGH  LV DPRQJ $UHDV   DQG
 DQG 0RGH  LV EHWZHHQ $UHDV  DQG 
7R IDFLOLWDWH SRZHU WUDQVPLVVLRQ WZR 69&V DUH LQVWDOOHG RQ
WKH WKUHHDUHD V\VWHP )URP WKH SDUWLFLSDWLRQ IDFWRUV LW FDQ EH
VHHQ WKDW 0RGH  LV PRUH FRUUHODWHG ZLWK $UHDV  DQG  7KHUH
IRUH HDFK 69& LV DOORFDWHG IRU WKH FRYHUDJH RI RQH RI WKH WZR
PRGHV 7R WKLV HQG RQH RI WKH 69& LV LQVWDOOHG RQ %XV  WKH
WUDQVPLVVLRQ FRUULGRU EHWZHHQ $UHDV  DQG  7KH FXUUHQW DP
SOLWXGH LQ WKH WUDQVPLVVLRQ OLQH EHWZHHQ %XV  DQG %XV 
LV HPSOR\HG DV WKH LQSXW VLJQDO >@ >@ RI WKH GDPSLQJ FRQ
WUROOHU 7KH RWKHU 69& LV LQVWDOOHG RQ %XV  WKH WUDQVPLVVLRQ
FRUULGRU EHWZHHQ $UHDV  DQG  7KH FXUUHQW DPSOLWXGH LQ WKH
WUDQVPLVVLRQ OLQH EHWZHHQ %XV  DQG %XV  LV HPSOR\HG
DV WKH LQSXW VLJQDO >@ >@ RI WKH GDPSLQJ FRQWUROOHU
,QLWLDO SDUDPHWHUV RI WKH 69& GDPSLQJ FRQWUROOHU DUH FKRVHQ
DV VKRZQ LQ D WR G ZKRVH JDLQV DUH GHWHUPLQHG E\ WKH
)LJ  *HQHUDWRU SDUWLFLSDWLRQ IDFWRUV RI GRPLQDQW LQWHUDUHD PRGHV
36, FRUUHVSRQGLQJ WR WKH UHVLGXH LQGH[ >@ DQG WLPH VHWWLQJV
DUH GHWHUPLQHG E\ WKH SKDVHFRPSHQVDWLRQ PHWKRG >@ 7KH
VWDWLVWLFDO UHVXOWV RI FULWLFDO RVFLOODWLRQ PRGHV DUH VKRZQ LQ
7DEOH ;, 7KHQ WKH 0)2$ LV LPSOHPHQWHG WR RSWLPL]H WKH
SDUDPHWHUV RI WKH 69& GDPSLQJ FRQWUROOHUV 7KH QXPEHU RI
VZDUP XVHG LV 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F
G
$IWHU  WLPHV RI LWHUDWLYH HYROXWLRQ FRQYHUJHQFH LV RE
WDLQHG LQ WKH QG JHQHUDWLRQ DQG WKH FRUUHVSRQGLQJ 506( LV
 7KH RSWLPL]HG SDUDPHWHUV RI WKH 69& GDPSLQJ FRQ
WUROOHUV DUH OLVWHG LQ WKH IROORZLQJ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G
7KH FRUUHVSRQGLQJ VWDELOLW\ SUREDELOLW\ VWDWLVWLFV RI FULWLFDO
RVFLOODWLRQ PRGHV DUH SUHVHQWHG LQ 7DEOH ;, ,W LV FOHDU WKDW WKH
RSWLPL]HG 69& GDPSLQJ FRQWUROOHUV LPSURYH WKH LQWHUDUHD
PRGHV 0RGH  DQG 
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C. Probabilistic Small-Signal Stability Analysis With
Uncoordinated PSSs and SVC Damping Controllers
366V DQG 69&V DUH LQVWDOOHG WR LPSURYH WKH SUREDELOLVWLF VWD
ELOLW\ RI WKH WHVW V\VWHP 366V SDUDPHWHUV DUH WKH VDPH DV WKRVH
LQ 7DEOH ,; RI 6HFWLRQ 9,$ 69&V SDUDPHWHUV DUH WKH VDPH DV
WKH RSWLPL]HG SDUDPHWHUV LQ  RI 6HFWLRQ 9,%
7KH VWDWLVWLFDO UHVXOWV RI FULWLFDO RVFLOODWLRQ PRGHV DUH VKRZQ
LQ 7DEOH ;,, &RPSDULQJ 7DEOH ;,, ZLWK 7DEOH ;, WKH GDPSLQJ
UDWLR H[SHFWDWLRQ RI WKH LQWHUDUHD PRGHV 0RGH  DQG 
GHFUHDVHV GUDPDWLFDOO\ )XUWKHUPRUH WKHUH LV D QHZ RVFLOODWLRQ
PRGH 0RGH  DQG WKH H[SHFWDWLRQ RI LWV GDPSLQJ UDWLR LV
 $OO WKHVH QRQLGHDO RVFLOODWLRQ PRGHV DERYH DUH
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)LJ  6FDWWHU GLDJUDP RI FRQFHUQHG HLJHQYDOXHV FRPSDULVRQ RI WKH HLJKW
PDFKLQH WKUHHDUHD V\VWHP
FDXVHG E\ WKH XQFRRUGLQDWHG GHVLJQ RI 366V DQG 69& GDPSLQJ
FRQWUROOHUV
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D. Probabilistic Small-Signal Stability Analysis With
Coordinated PSSs and SVC Damping Controllers
,Q RUGHU WR FRRUGLQDWH WKH 366V DQG 69& GDPSLQJ FRQWUROOHUV
WKH 0)2$ LV LPSOHPHQWHG 7KH QXPEHU RI VZDUP XVHG LV 
)LJ  JLYHV WKH FRQYHUJHQW FKDUDFWHULVWLFV RI WKH 0)2$
,W FDQ EH VHHQ IURP WKH FXUYH WKDW FRQYHUJHQW LV REWDLQHG LQ
WKH QG JHQHUDWLRQ DQG WKH FRUUHVSRQGLQJ 506( LV 
7KH ¿QDO YDOXHV RI RSWLPL]HG SDUDPHWHUV RI 366V DUH VKRZQ LQ
7DEOH ;,,, DQG WKH SDUDPHWHUV RI 69& GDPSLQJ FRQWUROOHUV DUH
OLVWHG UHVSHFWLYHO\ LQ WKH IROORZLQJ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7KH FRUUHVSRQGLQJ VWDELOLW\ SUREDELOLW\ VWDWLVWLFV RI FULWLFDO
RVFLOODWLRQ PRGHV DUH SUHVHQWHG LQ 7DEOH ;,9 ,W LV FOHDU WKDW
WKH RSWLPL]HG 366V DQG 69& GDPSLQJ FRQWUROOHUV HIIHFWLYHO\
LPSURYH WKH RYHUDOO SUREDELOLVWLF VPDOOVLJQDO VWDELOLW\ RI WKH
SRZHU V\VWHP ZLWK D ZLQG IDUP FRQQHFWHG
7KH HLJHQYDOXHV XQGHU WKH IRXU VFHQDULRV DUH SUHVHQWHG LQ
)LJ  ,W LV REVHUYHG WKDW WKH RYHUDOO SUREDELOLVWLF VPDOOVLJQDO
VWDELOLW\ LV PXFK LPSURYHG ZLWK WKH FRRUGLQDWHG 366V DQG 69&
GDPSLQJ FRQWUROOHUV IRU WKH V\VWHP ZLWK ZLQG IDUP LQWHJUDWLRQ
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7KH FRPELQHG XVH RI 0)2$ DQG SUREDELOLVWLF WKHRU\ WR
VHDUFK IRU WKH EHVW FRPELQDWLRQ RI 366V DQG 69& GDPSLQJ
FRQWUROOHU SDUDPHWHUV KDV EHHQ SUHVHQWHG LQ WKH SDSHU 7KH
DLP LV WR LPSURYH WKH SUREDELOLVWLF VPDOOVLJQDO VWDELOLW\ RI WKH
SRZHU V\VWHP ZLWK V\QFKURQRXV PDFKLQHV DQG '),*EDVHG
ZLQG SRZHU JHQHUDWLRQ $ ZLGH UDQJH RI RSHUDWLQJ FRQGLWLRQV
KDYH EHHQ FRQVLGHUHG LQFOXGLQJ WKH UDQGRP ÀXFWXDWLRQV RI
WKH ZLQG IDUP RXWSXW DQG WKH V\QFKURQRXV JHQHUDWRUV RXWSXW
VWRFKDVWLF FKDUDFWHULVWLFV RI ORDGV DQG QRGDO YROWDJHV 7KH VLP
XODWLRQ UHVXOWV EDVHG RQ WKH WZR WHVW V\VWHPV KDYH GHPRQVWUDWHG
WKDW WKH VWRFKDVWLF RXWSXW RI WKH ZLQG IDUP GHWHULRUDWHV WKH
SUREDELOLVWLF VPDOOVLJQDO VWDELOLW\ RI SRZHU V\VWHPV :KHQ D
ZLQG IDUP LV LQWHJUDWHG LQWR D SRZHU V\VWHP WKH GLVWULEXWLRQ
RI LWV V\VWHP HLJHQYDOXHV FRYHUV D ZLGHU UDQJH 7KLV PDNHV LW
PRUH GLI¿FXOW WR LPSURYH WKH SUREDELOLVWLF VPDOOVLJQDO VWDELOLW\
RI WKH SRZHU V\VWHP ZLWK 366V RQO\ HVSHFLDOO\ WR WKH LQWHUDUHD
RVFLOODWLRQ 7KH SRZHU V\VWHP ZLWK XQFRRUGLQDWHG 366V DQG
69& GDPSLQJ FRQWUROOHU PD\ SURGXFH QHJDWLYH LQWHUDFWLRQ
ZLWK HDFK RWKHU &RRUGLQDWHG DQG RSWLPL]HG 366V DQG 69&
GDPSLQJ FRQWUROOHU EDVHG RQ WKH SURSRVHG PHWKRG FDQ LPSURYH
WKH ZKROH SUREDELOLVWLF VPDOOVLJQDO VWDELOLW\ RI SRZHU V\VWHPV
ZLWK ZLQG IDUP LQWHJUDWLRQ
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